A method of gas chromatography using electron-capture detection for the determination of the concentration of the halogenated anaesthetic agents halothane, chloroform and trichloroethylene in blood is described. The accuracy of the analysis (measured blood concentration as a percentage of the calculated concentration) was: Halothane (11 blood samples in the range 37.9-6.00 mg/100 ml), mean 100.7 (SD 2.27), range 97.3-104.0; (12 samples in the range 0.164-0.0045 mg/100 ml), mean 98.8 (SD 6.80), range 90.7-111.1. Chloroform (five blood samples in the range 63.6-7.40 mg/ 100 ml), mean 100.4 (SD 1.30), range 99.3-102.5. Trichloroethylene (five blood samples in the range 20.6-13.2 mg/100 ml), mean 101.6 (SD 1.60), range 99.6-104.0.
In the determination of blood concentrations of anaesthetic agents by gas chromatographic analysis, it is likely that the most accurate technique is one that involves the preliminary extraction of the agents with a non-miscible solvent. Such a technique is simple and requires no complex apparatus. Furthermore, it has the important advantage that once extraction has been accomplished, storage of material is possible before analysis, without error from the loss of the agent by evaporation. However, the technique suffers from a serious disadvantage: the necessity to inject into the chromatograph a large volume of solvent can lead to swamping of the sensitive detector. As a result, agents having retention times similar to that of the solvent cannot be analysed. Also, the frequency with which successive analyses can be carried out is reduced.
One method of overcoming this problem is to utilize a detector which exhibits selectivity of sensitivity with an inherently large response to the agent under analysis and a small response to the particular solvent used. The electron-capture detector can be used in this way, as it has a very high sensitivity to many halogenated agents and a low sensitivity to non-halogenated solvents such as n-heptane. Also, the use of the electron-capture detector is of great interest because of its excessively high sensitivity to the agent halothane, allowing blood concentrations of the order of micrograms per 100 ml to be measured. Gas chromatographic methods using electroncapture detection have been described by EhrnerSamuel (1963) and by Morgenstern, Bothe and Popp (1966) , but the accuracy and reproducibility of these were not evaluated critically. Douglas, Hill and Wood (1970) used electron-capture detection and heptane extraction for the determination of halothane in blood. Analyses of six blood samples containing known amounts of agent were carried out, but the measured blood concentrations expressed as a percentage of the calculated concentrations gave a mean value of only 92.85 and a range of 85.2-100.8. A similar method was described by Brachet-Liermain, Ferrus and Caroff(1971) , but extraction of halothane with the solvent used (benzene) was incomplete. Atallah and Geddes (1972) have described gas chromatographic estimations of halothane in blood, using electron-capture detection, utilizing a method of extraction and analysis based on the present author's method.
This paper describes an evaluation of a method of analysis using electron-capture chromatography for the determination of blood concentrations of halothane, chloroform and trichloroethylene. The work was commenced in 1969. The method is a modification of that described by Douglas, Hill and Wood in 1970. Brief accounts of some of the work in progress have been published previously (Davies and Mathias, 1970; Davies, 1972) .
METHOD
The anaesthetic agent was extracted initially from the blood with the non-miscible solvent n-heptane which is non-halogenated. The actual value of the solventto-blood dilution ratio used is critical. A small aliquot of the extract was injected into an injection port and the vapour swept on to a liquid-phase column by the carrier gas (nitrogen) and thereafter on to an electroncapture detector. The response of the detector was displayed on a chart recorder and transcribed as a peak. Peak height measurement was used for quantification. To determine the amount of agent in the unknown sample, the height of the peak produced was compared with the heights of peaks produced by known amounts of the agent dissolved in the solvent. A single analysis was completed in approximately 3 min.
Extraction procedure n-Heptane was used as the extracting agent. The solvent-to-blood dilution ratio was dependent on the particular agent to be analysed as well as on its probable concentration. It must be of such a value that the amount of agent injected into the chromatograph produces no more than 20% decrease in the standing current of the detector. Dilution ratios ranging from 1 to 3570 were used.
To ensure the accuracy of the extraction technique, relatively large volumes of solvent and blood were handled. The solvent was either measured and contained within accurate measuring flasks, or, in the case of small dilution ratios, measured by means of accurate pipettes and contained within glass-stoppered test-tubes. In most instances blood was measured by means of a microsyringe (never smaller than 100 (/.litre) which was filled under positive pressure by the retrograde filling method from a larger reservoir syringe ( fig. 1) . The blood was injected into the solvent in such a manner that it fell cleanly into the solvent without touching the sides of the containing vessel. The solvent/blood mixture was then agitated by hand for approximately 2 min in the case of large dilutions and approximately 4 min in the case of small dilutions. Following agitation, separation of the two liquid layers occurred readily. However, centrifuging (2000 rev min" 1 for 20 min) was necessary sometimes in the case of very small dilution ratios.
The chromatographs and their operation
Two chromatographs were used in the investigations. One (chromatograph A), together with its detector, the electron source of which is tritiated foil, had been constructed originally in the Research Department of Anaesthetics, The Royal College of Surgeons, by Dr R. B. Douglas and Dr D. W. Hill, FIG. 1. Procedure for extracting halothane from a small blood sample. A 100-[ditre syringe is loaded with blood from the reservoir using a retrograde filling method and a measured aliquot is introduced into a known volume of n-heptane contained in a measuring flask (left foreground). from a few available oddments of apparatus (Douglas, Hill and Wood, 1970) . Certain modifications of the original apparatus were effected by the author. The most important enabled the oven temperature to be stabilized to within 0.1 °C, an essential requirement for carrying out accurate reproducible analyses. The other chromatograph (chromatograph B) was a commercial model by Pye (Series 104). The electron source of its detetcor is nickel-63.
The columns in both chromatographs were filled with a packing material consisting of a liquid phase (silicone fluid MS 550) on a solid support (mesh 60-80). Various loadings of the liquid on support were used. Generally, the most useful loading was found to be 15% (for example, "Phase Separations" 15% MS 550 on Universal B). The columns were maintained at constant temperatures of approximately 60 °C.
The carrier gas used was oxygen-free nitrogen. The flow rate was maintained at approximately 75 ml min~x. Chromatograph A was used for most of the work described. Its chromatogram to injected halothane, chloroform, trichloroethylene and n-heptane is shown schematically in figure 2. Chromatograph B was used for some of the work on halothane and chloroform only.
To carry out an analysis, a small quantity of the extract of the agent (approximately 1.3 (/litre) was injected to the injection port of the chromatograph. The injection technique has to be standardized as far as possible and an accurately faced spacer was always used to measure the extract volume.
Relative sensitivities of the respective chromatographs to different agents
The approximate relative sensitivities of the two chromatographs, respectively, to injected halothane, chloroform, trichloroethylene and to injected nheptane (under the particular operating conditions prevailing at the time) were assessed (table I). Halothane was found to produce the most marked response with both chromatographs. It is noteworthy that, with chromatograph A, n-heptane (the solvent) produced a response that was 8-million times less than the response produced by halothane.
Calibration of the chromatographs
The calibration curve of the electron-capture detector is non-linear. The zero point on the curve is represented on the y axis by the standing current of approximately 10~9 A. The curve becomes progressively less steep as the current passing through the detector approaches zero. Only the steep part of the curve was used for analysis.
At least three, and preferably four, points, and zero, were necessary to define the calibration curve. For all the work described, except that conducted on the reproducibility of sets of standards, the line of best fit was drawn by hand with the aid of a flexible ruler. The calibration was not absolutely stable and varied to some extent with the carrier gas flow rate and with the temperature of the column. With the system A it was impossible to stabilize accurately the gas flow rates or column temperatures for periods longer than 1.5 h, and therefore fresh calibration curves had to be constructed at intervals that did not exceed this period of time. With the commercial chromatograph, gas flow rates and column temperatures could be stablized over longer periods. Nevertheless, even under such apparently stable conditions the interval between calibrations never exceeded 2-3 h.
Standard solutions
Standard solutions of agent were prepared by a combination of gravimetric and volumetric procedures. Initially, a 50-ml glass-stoppered measuring flask was filled to approximately two-thirds capacity with n-heptane and weighed. Using a microsyringe, an appropriate amount of the agent was introduced carefully into the flask and the whole reweighed, following which the contents were made up to 50 ml with n-heptane. This solution was then diluted volumetrically using accurate pipettes and measuring flasks. In the case of chloroform and trichloroethylene standards, one volumetric-dilution procedure was sufficient. In the case of halothane standards two successive volumetric dilution procedures were required, for example:
First volumetric dilution 2 ml into 100 ml Second volumetric dilutions 2 ml into 200 ml 2 ml into 250 ml 2 ml into 500 ml The halothane standards were usually limited to a maximum concentration of approximately 0.015 mg/ 100 ml (chromatographs A and B). The chloroform standards were limited to a maximum concentration of 0.36 mg/100 ml (chromatograph A) and 0.10 mg/ 100 ml (chromatograph B). The trichloroethylene standards were limited to a maximum concentration of 1.10 mg/100 ml (chromatograph A).
Standard solutions kept in the laboratory at room temperature in the dark were found to maintain a constant content of halothane for at least 1 month. After the elapse of such a period of time they were discarded and fresh solutions were prepared.
RESULTS

Assessment of the reprodudbility of parts of the system
for halothane analysis The reproducibility of three different parts of the system for the analysis of halothane was investigated.
The parts were: the chromatograph itself (including the injection of material into it), the extraction technique and the calibration procedure using sets of standard solutions made up by the method described.
To check the reproducibility of the chromatograph (A) 10 analyses were carried out with a halothane standard of concentration 0.0092 mg in 100 ml of n-heptane. The coefficient of variation (peak height measurement) was 0.47%.
The reproducibility of the extraction technique with respect to blood samples containing halothane was assessed. Two samples were used, containing respectively approximately 6.0 mg and 0.013 mg of halothane per 100 ml. Each sample was diluted separately, on 10 and on nine occasions respectively. In the case of the more concentrated blood sample, 100-fj.litre aliquots were injected into 10 flasks each containing n-heptane 50 ml (heptane/blood dilution ratio of 500). In the case of the more dilute blood sample, 5-ml aliquots were injected into nine 15-ml capacity glass-stoppered test-tubes containing nheptane 5 ml (heptane/blood dilution ratio of unity). Each extract in the two series was then analysed once only. Chromatograph A was used for the series from the more concentrated blood sample and chromatograph B was used for the series from the more dilute blood sample. The coefficient of variation of the peak heights (which would include the variability of both the chromatograph and the extraction procedure) was 0.41% for the more concentrated sample, and 0.91% for the more dilute sample (table II) .
The variability of the calibration procedure was assessed. Three sets of standards of halothane in nheptane were used. The sets (X, Y and Z) were made up by three separate weighings of halothane in 50 ml of heptane. Each solution was diluted further by a double volumetric dilution procedure to make three standard strengths (1, 2 and 3) for each weighing. Each of the total of nine standards was analysed three times in the chromatograph (chromatograph B) and the mean peak height determined. The results were analysed using an Elliott 903 computer. Three calibration curves of quadratic form (constrained to pass through zero) were calculated by the computer using the method of least squares. Values of the halothane concentration at peak heights of 100 mm, 75 mm, 50 mm and 25 mm were calculated from each of the calibration curves. Coefficients of variation were calculated for each of the four sets of three values. These were 1.23%, 0.63%, 0.13% and 0.32% respectively. Details of the statistical analysis Blood containing approximately 6.0 mg of halothane per 100 ml-ten separate extractions using a heptane/ blood dilution ratio of 500 (100-(ilitre of blood into 50 ml of n-heptane)
Peak heights (mm)
Mean (mm) SD (mm) Coefficient of variation (%)
Blood containing approximately 0.013 mg of halothane per 100 ml-nine separate extractions using a heptane/blood dilution ratio of unity (5 ml of blood into 5 ml of n-heptane) figure 3 .
Assessment of the accuracy of analyses using blood samples containing known amounts of halothane
To determine the accuracy of the system, as a whole, for the measurement of the blood concentration of halothane, analyses of blood samples containing known amounts of the agent were made. Solutions of halothane in blood in the range 37.9-6.00 mg/100 ml were made up gravimetrically using, in each instance, 50 ml of blood contained in a measuring flask. After the addition of the halothane the flask was agitated vigorously on several occasions over a 24-h period. The mixture was kept at room temperature. Solutions of halothane in blood in the range of 0.164-0.0045 mg/100 ml were made up using a method that involved both a gravimetric and a volumetric procedure. In the first instance a solution was made up as described above. This was diluted further volumetrically with more blood (of the same blood group) using accurate pipettes and measuring flasks. Following the volumetric dilution, the blood was agitated on several occasions over a further 24-h period and was kept at room temperature.
In the extraction of the halothane from the blood, the heptane/blood dilution ratio was predetermined such that the extractant would, if possible, possess a Values at peak heights of 100 mm (mg/100 ml)
Values at peak heights of 75 mm (mg/100 ml)
Values at peak heights of 50 mm (mg/100 ml)
Values at peak heights of 25 mm (mg/100 ml) halothane concentration between the limits of 0.005 and 0.015 mg/100 ml. Analyses of each extractant were carried out in duplicate. If, however, the peaks in the duplicates differed by much more than 1%, a third analysis was made. The measured blood concentrations were expressed as a percentage of the calculated concentrations. With the 11 blood samples having halothane concentrations between 37.9 and 6.00 mg/100 ml (made up using an exclusively gravimetric procedure), the percentages had a mean value of 100.7 (SD 2.27; range 97.3-104.0). With the 12 blood samples having halothane concentrations between 0.164 and 0.0045 mg/100 ml (made up using both gravimetric and volumetric procedures) the percentages had a mean value of 98.8 (SD 6.80; range 90.7-111.1). The results are detailed in tables IV and V. A further investigation was carried out to determine whether the introduction of very dilute solutions of halothane in n-heptane into 15-ml glass-stoppered test-tubes was associated with any loss of halothane, either immediately or over a period of several hours. Accordingly, a standard solution of halothane in nheptane (halothane 0.0117 mg in heptane 100 ml) was split into two fractions. One fraction was used for introducing 5-ml aliquots into five different glassstoppered test-tubes while the other fraction was used for check analysis. Analyses in duplicate from each of the five test-tubes were carried out at intervals of approximately 1 h. Simultaneous analyses of the standard were performed so that error from any change in sensitivity of the chromatograph was nullified. The results demonstrated that there was little measurable change of the halothane content of the solutions in the test-tubes over a period of 4.75 h (table VI). 
Analysis of blood samples containing chloroform and trichloroethylene
The reproducibility of one of the chromatographs (A) to the injection of standard solutions of chloroform and of trichloroethylene of concentrations 0.359 mg in 100 ml of n-heptane and 0.478 mg in 100 ml of n-heptane respectively, were determined. Ten analyses were made. The coefficient of variation (peak 13 height measurement) was 0.29% in the case of the chloroform standard and 0.62% in the case of the trichloroethylene standard.
To determine the accuracy of the system as a whole for the measurement of blood concentrations of chloroform and of trichloroethylene 3 analyses of blood samples containing known amounts of the agent were performed. Five samples for each of the two agents were analysed. The measured blood concentrations were expressed as a percentage of the calculated concentrations. In the case of the chloroform blood samples, the concentration of agent ranging from 63.6 to 7.40 mg/100 ml, the percentages had a mean value of 100.4 (SD 1.30; range 99.3-102.5). In the case of the trichloroethylene blood samples, with concentrations of agent ranging from 20.6 to 13.2 mg/100 ml, the percentages had a mean value of 101.6 (SD 1.60; range 99.6-104.0). The results are detailed in table VII.
DISCUSSION
The method of blood analysis is based on the method, used for halothane, described by Douglas, Hill and Wood in 1970. However, it differs from the latter method in that the concentrations of the halogenated agent in the solvent are always kept below a certain very low and critical value. This modification has enabled calibration curves to be constructed that are not far short of being linear and this has probably been an important factor contributing to the greater accuracy of the present method. A further improvement over the older method has been the use of chromatographic apparatus incorporating ovens of greater thermal stability.
The accuracy of analysis with respect to the measurement of halothane in blood was tested down to a minimum concentration of 4.5 jj.g/100 ml. Twenty-three blood samples containing known concentrations of halothane were used. The results compared well with those achieved by Atallah and Geddes (1972) who used an essentially similar technique but who tested to a minimum concentration of 112 n.g/100 ml only. From the results it would appear that analysis is slightly less accurate at very low concentrations than at the higher concentrations. However, this difference may be apparent only, and be consequent upon the difficulty of making up low concentrations of halothane in blood accurately, since this requires the execution of both a volumetric and a gravimetric procedure.
The accuracy of analysis of chloroform and of trichloroethylene in blood was tested using, in each case, five blood samples containing known amounts of agent. The results, with respect to accuracy, compared well with those achieved for halothane.
n-Heptane appears to be an ideal solvent for the extraction of halothane, chloroform and trichloroethylene from blood. Extraction is virtually complete and is rapid. Separation of the solvent from the blood is readily achieved and only rarely is it necessary to resort to centrifugation and only then in the case of very low dilution ratios. The only disadvantage of nheptane, when used in conjunction with an electroncapture detector, is that trace impurities (often present in some batches of the agent) can cause the appearance of late eluting peaks which, although small, may nevertheless interfere with the analysis sometimes.
